Abstract. The present investigation was carried out to design, optimize, and evaluate lurasidone hydrochloride nanocrystals for improving its solubility and dissolution characteristics. Nanocrystals were prepared by media milling technique using zirconium oxide beads with 0.1 mm diameter. Various stabilizers, viz. poloxamer 188, PVP K30, SLS, HPMC E15, and PVP S 630 D, were evaluated to stabilize the nanocrystals. The Pareto chart obtained through Plackett-Burman screening design revealed that HPMC E 15 showed the highest standardized effect (p value <0.05) on percent dissolution efficiency at 2 min. In subsequent studies, a 3 2 factorial design was employed to quantify the effect of two independent variables, namely amount of stabilizer and milling time on predetermined response variables mean particle size, saturation solubility, and percent dissolution efficiency at 2 min. Statistical analysis of the factorial design revealed that all predetermined response variables were significantly dependent (p value <0.05) on the independent variables. The observed response of the optimized batch prepared as per the desirability function was in close agreement with predicted response, and mathematical model generated was validated. The optimized batch was lyophilized, and X-ray powder diffraction studies indicated that there was no substantial change in crystallinity of the drug. The optimized formulation showed mean particle size of 228 nm and released almost all the drug within first 5 min. Since the crystallinity of the drug is maintained, improvement in saturation solubility and dissolution efficiency could be attributed to decrease in mean particle size of the drug.
INTRODUCTION
Bipolar depression is a serious, chronic psychiatric disorder with a lifetime prevalence of approximately 1% worldwide and major adverse consequences such as impairments in cognition, social functioning, and work capacity (1, 2) . Antipsychotic drugs are treatment of choice for both acute and longterm management of bipolar depression; the most distressing clinical signs and symptoms are managed with the long-term use of antipsychotic medication along with effective psychosocial interventions (3) .
Lurasidone hydrochloride (3aR,4S,7R,7aS)-2-{(1R,2R)-2-[4-(1,2-benzisothiazol-3-yl) piperazin-1-ylmethyl] cyclohexylmethyl} hexahydro-4,7-methano-2H isoindole-1,3-dione hydrochloride ( Fig. 1) is an atypical antipsychotic and mediates its pharmacological action by blocking central dopamine D2 neuroreceptors (4, 5) . Lurasidone hydrochloride has been approved by the US Food and Drug administration for treatment of bipolar depression alone or in combination with lithium in adults (6) . It is currently marketed under the trade name of Latuda TM and is a drug of choice since it causes minimal effects on body weight, has low potential of sedation, and does not cause significant changes across metabolic parameters (7) . The innovator concludes that lurasidone absorption is influenced by food consumption and when administered with food the absorption of lurasidone showed a twofold increase; the maximum concentration (C max ) also increased by threefold. The T max is shown to increase by 0.5-1.5 h with food. Considering the significant food effect on the bioavailability of lurasidone, it is recommended to be administered once daily with at least 350 cal of food (Latuda Prescribing Information accessed from www.latuda.com) (8) .
Lurasidone hydrochloride has very low aqueous solubility (water 0.224 mg/ml) with the pKa value of 7.6 and LogP value of 5.6 in octanol/water (Australian Public Assessment Report for lurasidone hydrochloride, accessed from www.tga.gov.au) (9) . This low aqueous solubility could be responsible for low bioavailability which is estimated to be about 9 to 19%. Moreover, as discussed earlier, lurasidone hydrochloride has to be given with food for efficient absorption. However, for poorly soluble drugs, the presence of food interferes in the dissolution and uniform absorption of drugs (10). Kesisoglou and co-authors have classically reviewed the food interaction with dissolution of poorly soluble drugs (11) . In this perspective, it is evident that the presence of food may interfere in the dissolution and uniform absorption of lurasidone hydrochloride from the gastrointestinal tract. H e n c e , i m p r o v i n g t h e s o l u b i l i t y a n d di s s o l u t i o n characteristics of lurasidone hydrochloride might allow uniform absorption of the drug from the gastrointestinal tract, which may also enhance the bioavailability of the drug.
Discrete research has been reported for dissolution enhancement of lurasidone hydrochloride. The patent applications PCT/IN2013/000693 (12) and PCT/IL2011/050009 (13) describes preparation of amorphous lurasidone hydrochloride and concludes that the amorphous form of lurasidone hydrochloride shows higher bioavailability as compared to the existing crystalline form of lurasidone hydrochloride. Madan and coworkers prepared fast-dissolving tablets of solid dispersion of lurasidone hydrochloride to improve the dissolution of lurasidone hydrochloride (14) . Qian and co-workers improved dissolution of lurasidone hydrochloride by preparing coamorphous lurasidone hydrochloride with saccharin and concluded that coamorphous lurasidone hydrochloride greatly improved the solubility with pH-independent solubility behavior as compared to amorphous lurasidone (15) . However, a systematic approach for development of nanocrystals for the dissolution enhancement of lurasidone hydrochloride was still lacking. Nanocrystal formulations of poorly soluble drugs such as fenofibrate (TriCor®, Abbott), sirolimus (Rapamune®, Wyeth), and megestrol (Megace ES®, PAR Pharmaceuticals) have been developed for improving their dissolution and in turn improve their bioavailability (16) . Nanocrystals as a formulation approach have been widely employed for improving the solubility and dissolution characteristics of poorly soluble drugs (17) . Extensive review of literature is available discussing the advantages, development, and evaluation of drug nanocrystals (18, 19) over conventional methods of dissolution enhancement such as solid dispersions, amorphization of drug, and co solvency. In brief, drug nanocrystals are the choice of formulation for improving solubility and dissolution of poorly soluble drugs. They are 100% drug particle without any matrix material and stabilized by steric or ionic stabilizers (20) . In light of this, the present investigation was carried out to develop, optimize, and evaluate lurasidone hydrochloride nanocrystals to improve the saturation solubility and dissolution efficiency of lurasidone hydrochloride. The following objectives were decided to be achieved:
1. To prepare drug nanocrystals with mean particle size less than 250 nm 2. To improve percent dissolution efficiency at 2 min (%DE 2min ) 3. To achieve more than 85% drug release within the first 5 min
MATERIALS
Lurasidone hydrochloride (pure) was received as a gift sample from Torrent Pharmaceuticals Ahmedabad Gujarat India. Poloxamer 188 (PX), a tri co block polymer of polyethylene oxide and polypropylene oxide, was received as a gift sample from Cadila Pharmaceuticals Limited, Ahmedabad, Gujarat, India. Polyvinylpyrrolidone S 630 D (PD), a copolymer of polyvinyl pyrrolidone and polyvinyl acetate, was The decoded values of the coded values +1 and −1 are 20 and 10 mg, respectively received as a gift sample from International Specialty Products, Singapore. PVP K 30 was received as a gift sample from ACS chemicals, Ahmadabad, Gujarat, India. HPMC E 15 was received as a gift sample from Loba chemie, Mumbai, Maharashtra, India. Sodium lauryl sulfate (SLS) AR grade was received as a gift sample from Finar limited, Ahmedabad, Gujarat, India. Double-distilled water was used throughout the study.
METHODS Preparation of Drug Nanocrystals
Lurasidone hydrochloride nanocrystals were prepared using media milling technique (21) . Briefly, the unmilled drug and formulation vehicle were mixed in a vial. The zirconium oxide beads (0.1 mm diameter) were then added to the vial to achieve a predetermined percentage of 1:1 w/w suspension-tobead ratio. A magnetic stir bar was added and the vial was placed on a magnetic stirrer (Remi Instruments Pvt. Ltd.). The milling was done for a predetermined period of time (12-24 h ) and speed (400-800 rpm), the milled suspensions were then collected using transfer pipettes, and beads were rinsed with formulation vehicle, each time the final concentration of lurasidone hydrochloride in suspension was kept at 5 mg/ml.
Plackett-Burman Screening Design
A Plackett-Burman screening design was employed to screen the formulation variables having significant effect on dissolution of lurasidone hydrochloride. PlackettBurman designs are screening designs that involve a large number of factors and relatively few runs. They are typically used to identify a few significant factors out of a large set (22) . Five assorted stabilizers were evaluated by a total of eight experiments generated from Minitab® 17.0 (trial version). A (amount of PX), B (amount of PVP K 30), C (amount of SLS), D (amount of HPMC E 15), and E (amount of PD) were selected as independent variables while Y1 (%DE 2 min ) and Y2 (saturation solubility, μg/ml) were selected as dependent variables.
Factorial Design

A 3
2 full factorial design was employed to assess and quantify the impact independent variables on dependent variables (21) . Based on the preliminary studies, the amounts of HPMC E 15 (X 1 ) and milling time (X 2 ) were selected as independent variables, while mean particle size (Y1), %DE 2min (Y2), and saturation solubility (μg/ml) (Y3) were selected as dependent variables. 
Evaluation Parameters
In Vitro Dissolution Studies
In vitro dissolution studies (Electrolab Dissolution Tester TDT-06P, USP) were carried out in 500 ml Mcllvaine buffer pH 3.8 at 37°C at 50 rpm by paddle method (USFDA Guidelines) (23, 24) . Briefly, 5 ml of nanosuspension formulation was added to the dissolution medium, and sampling was done at 2, 4, 6, 8, 10, 15, 20, 30, 45, and 60 min interval. The samples were filtered with Whatman filter paper (0.22 μm) (21) and assayed spectrophotometrically for the dissolved drug at 234 nm by the regression equation of standard curve developed in the same media in the linearity range of 5.0-30.0 μg/ml. The dissolution medium was replenished with equal amount of buffer at each time interval. The %DE was calculated using the following equation (25):
Determination of Saturation Solubility
Excess amount of pure lurasidone hydrochloride or different formulations of lurasidone hydrochloride were added to 10 ml of Mcllvaine buffer pH 3.8. Samples were sonicated briefly for 5 s using a batch sonicator and stirred in a water bath (37 ±0.5°C) for 48 h. Samples were then centrifuged, filtered, diluted suitably, and analyzed spectrophotometrically as described earlier for determining the saturation solubility of lurasidone hydrochloride. 
Determination of Mean Particle Size and Size Distribution
Mean particle size of lurasidone hydrochloride nanocrystals was determined using Zetatrac (Microtrac Inc., USA). Suspension samples were directly placed into cuvette and mean particle size and size distribution were measured in triplicate.
Powder X-Ray Diffraction
The crystallinity of lurasidone hydrochloride and lyophilized formulation were evaluated by powder X-ray diffraction (PXRD) studies. The PXRD spectra of the pure lurasidone hydrochloride and lyophilized lurasidone hydrochloride nanocrystals were recorded using a Rikagu, Philips X Ray Diffractometer, between 10°and 40°at 2 θ range.
Statistical Evaluation
The experimental data obtained were validated by analysis of variance Student's t test or analysis of variance (ANOVA) combined with the F test. The determination coefficient (R 2 agreement between the experimental results and predicted values obtained from the model) and the model F value (Fisher variation ratio, the ratio of mean square for regression to mean square for residual) were applied for statistical evaluation.
RESULTS AND DISCUSSION
Plackett-Burman Screening Design
Plackett-Burman screening design was applied to screen the various stabilizers having significant effect on %DE and saturation solubility. As shown in Table I , five independent variables were selected, viz. PX (A), PVP K 30 (B), SLS (C), HPMC E15 (D), PD (E), and %DE 2min and saturation solubility selected as a dependent factor. As shown in Fig. 2 , the Pareto chart revealed that HPMC E15, PD, and SLS (p value < 0.05) showed significant effect on %DE 2min . However, HPMC E 15 showed highest standardized effect on both the response variables and was selected as stabilizer in further studies From the preliminary studies, it was concluded that HPMC E 15 as a formulation variable showed the highest significant effect on %DE at 2 min and saturation solubility. Our previous studies suggested that milling time and milling speed also has prominent effect on mean particle size reduction which in turn would have impact on %DE 2min and saturation solubility. Based on the preliminary studies (data not shown), the milling speed at 800 rpm showed optimum particle size reduction and hence was selected for further studies. Further, to study the combined effect of the amount of HPMC E 15 and milling time, a 3 2 full factorial design was employed. Table II reveals the layout of full factorial design while Figs. 3  and 4 depicts %DE 2min and the in vitro dissolution studies of the formulation batches, respectively. A wide variation was seen among the observed response indicating that the independent variables had significant effect on dependent variables. For further statistical analysis, the three responses were individually fitted to the second-order polynomial model and each model was validated by analysis of variance combined with the F test (26, 27) . As shown in Table III , the independent variables had significant effect (p value <0.05) for all the response variables. All of the regression models yielded a good fit with high determination coefficient and F value. The goodness of fit of the model was confirmed since the R 2 for all the three responses were larger than 0.9, indicating that over 90% of the variation in the response could be explained by the model. The F ratio was found to be far greater than the theoretical value for each regression model, indicating that the regression model is significant with a confidence level of 95%.
Effect of Amount of Stabilizer and Milling Time on Mean Particle Size Reduction
Response surface plots were generated to graphically represent the effect of amount of stabilizer and milling time on mean particle size reduction. As shown in Fig. 5 at lower level of milling time when amount of polymer was increased from −1 to 0, the mean particle size decreased from 922 to 720 nm. Further increase in HPMC E 15 from 0 to −1, there was increase in the mean particle size from 720 to 751 nm. Such an observation could be ascribed to the fact that HPMC E 15 is a steric stabilizer and optimum level of HPMC E 15 is sufficient enough to prevent agglomeration of nanocrystals. When two drug nanocrystals surrounded by an adsorbed HPMC E 15 layer approach each other, it leads to increased osmotic pressure and in turn increases total potential energy and nanocrystals repel each other which could be responsible for prevention of agglomeration (28) . Hence, when the amount of HPMC E 15 was increased from −1 to 0, enough HPMC E 15 is present to stabilize the nanocrystals; however, further increase in amount of HPMC E 15 increases the viscosity of the solution which in turn would reduce the efficiency of the milling process and thus, a lesser decrease in mean particle size was seen. Increasing the milling time from −1 to +1 at middle level of stabilizer decreased the particle size from 720 to 226 nm. The decrease in particle size could be attributed to breaking of drug particles due shearing forces generated by milling (21) .
Effect of Amount of Stabilizer and Milling Time on %DE and Saturation Solubility
As shown in Fig. 6 for all the levels of the amount of stabilizer, there was increase in %DE 2min and saturation solubility when the milling time was increased from −1 to +1. At the middle level of stabilizer increase in milling time from lower level to higher level, there was increase in %DE 2min from 40.68 to 49.65 and increase in saturation solubility from 591 to 1334 μg/ml. The increase in saturation solubility and %DE 2min could be attributed to decrease in particle size with increase in the milling time attributed to Ostwald Freundlich equation (29) . As shown in Eq. 2, the Ostwald-Freundlich equation relates the particle size with saturation solubility
where C S is the saturation solubility, C ∝ is the solubility of the solid consisting of unmilled particles, σ is the interfacial tension of drug particle, V is the molar volume of the particle, R is the gas constant, T is the absolute temperature, ρ is the density of the solid, and r is the radius of particle. From the equation, it is apparent that the saturation solubility increases with decrease in particle size; however, this effect is more pronounced for particle in the nanometer range. Accordingly, the decrease of particle size of lurasidone hydrochloride to nanometer range increases its saturation solubility and dissolution characteristics.
OPTIMIZATION
Optimization studies were carried out to prepare lurasidone hydrochloride with set constraints. Based on the equation obtained from factorial design, the desirability function (30,31) was applied using Minitab 17. The constraints set were to minimize response Y1 and maximize response Y2 and Y3. An optimum D of 1.000 was obtained at respective levels of X1 (32.5 mg of HPMC E 15) and X2 (24 h.). A final formulation was prepared according to the levels obtained from desirability function. To improve the stability of prepared nanocrystals, the optimized formulation of nanocrystals was lyophilized. Mannitol was used as a cryoprotectant in the ratio of 1:1 of the total amount of drug and stabilizer added. Powder X-ray diffraction studies of lyophilized lurasidone hydrochloride and pure lurasidone hydrochloride drug were done to assess the change in crystallinity of the drug. As shown in Fig. 7a, b , it could be seen that almost all the peaks of the pure lurasidone hydrochloride were retained in the lyophilized lurasidone hydrochloride confirming that the crystallinity of the drug was maintained. The optimized formulation was then compared with pure lurasidone hydrochloride. As shown in Fig. 8 , the optimized formulation showed mean particle size of 228 nm, and as shown in Fig. 9 , the pure drug exhibited %DE 2min of 5 while lurasidone hydrochloride nanocrystals showed %DE 2min of 49.46 and released almost all the drug within the first 5 min. As shown in Table IV , the evaluation parameters confirmed that there was a close agreement between theoretical and practical values of observed responses validating the mathematical model generated. It could be concluded that the crystallinity of the drug was maintained in the optimized formulation and increase in %DE and saturation solubility could be attributed to decrease in mean particle size to nanometer range.
CONCLUSION
The dissolution of lurasidone hydrochloride was improved by preparing nanocrystals using media milling technique. The Pareto chart from Plackett Burman screening design revealed that HPMC E15 was having significant effect on saturation solubility and dissolution. 3 2 full factorial design revealed that both the independent variables amount of stabilizer and milling technique significantly affected all the response variables, i.e., mean particle size, %DE 2min , and saturation solubility. The optimized formulation showed significant improvement in dissolution efficiency as compared to pure drug and released almost all the drug within 5 min. The improved formulation could offer improved drug delivery for lurasidone hydrochloride after establishing the pharmacokinetic studies of improved formulation. 
